Bread wheat (Triticum aestivum L.) is one of the most important crops worldwide. Although a reference genome sequence would represent a valuable resource for wheat improvement through genomics-assisted breeding and gene cloning, its generation has long been hampered by its allohexaploidy, high repeat content, and large size. As a part of a project coordinated by the International Wheat Genome Sequencing Consortium (IWGSC), a physical map of the short arm of wheat chromosome 3D (3DS) was prepared to facilitate reference genome assembly and positional gene cloning. It comprises 869 contigs with a cumulative length of 274.5 Mbp and represents 85.5% of the estimated chromosome arm size. Eighty-six Mbp of survey sequences from chromosome arm 3DS were assigned in silico to physical map contigs via next-generation sequencing of bacterial artificial chromosome pools, thus providing a high-density framework for physical map ordering along the chromosome arm. About 60% of the physical map was anchored in this single experiment. Finally, 1393 high-confidence genes were anchored to the physical map. Comparisons of gene space of the chromosome arm 3DS with genomes of closely related species [Brachypodium distachyon (L.) P.Beauv., rice (Oryza sativa L.), and sorghum [Sorghum bicolor (L.) Moench] and homeologous wheat chromosomes provided information about gene movement on the chromosome arm.
2002). The first hybridization occurred between Triticum urartu Thumanian ex Gandilyan, (2n = 2x = 14; donor of the A genome) and a species (currently not known) from section Sitopsis, closely related to Aegilops speltoides Tausch (2n = 2x = 14; donor of the B genome), forming tetraploid Triticum turgidum L. (2n = 4x = 28; AABB genome) approximately 0.5 million yr ago (Dvořák and Zhang, 1990) . The second hybridization occurred about 10,000 yr ago between tetraploid T. turgidum and Aegilops tauschii Coss., (2n = 2x = 14, donor of the D genome) forming hexaploid bread wheat (Feldman et al., 1995) . All three subgenomes have a similar size and number of genes (Choulet et al., 2014; International Wheat Genome Sequencing Consortium, 2014) . The complexity of wheat's evolution, genome size (~17 Gbp), and high amount of repetitive DNA (~86%) (Paux et al., 2006) make molecular analyses challenging and slow down efforts toward completion of its reference sequence. However, once available, the high-quality reference genome sequence will have a huge impact on wheat improvement by providing information on the structure and position of agronomically important genes and by facilitating the development of markers for molecular-assisted breeding.
Two approaches can be used to sequence a nuclear genome. An approach called clone-by-clone sequencing (sometimes referred to as hierarchical shotgun sequencing) was preferred for sequencing the genomes of important crop plants like rice (International Rice Genome Sequencing Project, 2005) and maize (Zea mays L.) (Schnable et al., 2009) as well as the model plant Arabidopsis thaliana (L.) Heynh. (Arabidopsis Genome Initiative, 2000) . It is based on large-insert DNA libraries and the construction of a physical map is one of its keystones. The construction of the whole-genome physical map is also feasible in bread wheat. Using clones from bacterial artificial chromosome (BAC) libraries of chromosome 3B and chromosome arms 3AS and 3DS, Luo et al. (2010) showed that homeologous regions could be resolved by BAC clone fingerprinting.
Whole-genome shotgun sequencing is the other approach and this has been used in many sequencing projects, especially after the advent of next-generation sequencing technologies (Tuskan et al., 2006; Argout et al., 2011; Shulaev et al., 2011) . Although it has been successfully applied to sequence many small genomes, it met difficulties in plants with large and complex genomes because of the need to process enormous amounts of data and difficulties in sequence assembly caused by high amount of repetitive DNA. The presence of closely related genomes in allopolyploid species has made whole-genome assembly even more arduous. These difficulties have been overcome by new sequencing technologies producing long reads such as PacBio (Berlin et al., 2015) and Oxford Nanopore (Lu et al., 2016) , the sequencing libraries based on long-distance DNA interaction in chromatin in vitro (Chicago libraries; Putnam et al., 2016) and in vivo (Hi-C; Korbel and Lee 2013) , and new assembly algorithms such as DeNovoMagic (http:// nrgene.com, accessed 5 May 2017). The assembled scaffolds or contigs can be further improved using novel approaches for genetic mapping (e.g., POPSEQ; Mascher et al., 2013) and physical mapping based on optical mapping (Staňková et al., 2016) . Thus genome assemblies with scaffolds in the range of hundreds of kilobases to several megabases can be produced.
Considering the size and complexity of the bread wheat genome, the IWGSC (www.wheatgenome.org, accessed 5 May 2017) adopted a range of approaches and tools to deliver the reference genome sequence of hexaploid bread wheat. One of these has been the chromosome-based strategy (Doležel et al., 2007) , which can be used to construct physical maps of all wheat chromosomes. This strategy has been made possible by the development of protocols for preparation of the metaphase chromosomes of bread wheat and sorting them by using flow cytometry (Vrána et al., 2000; Kubaláková et al., 2002) . As a result, the huge 17-Gb genome can be dissected into well-defined smaller parts. For example, chromosome arm 3DS represents only 1.9% of bread wheat genome (Šafář et al., 2010) . Importantly, DNA isolated from flow-sorted chromosomes is suitable for constructing large-insert DNA libraries (Šimková et al., 2003) , which is a prerequisite for the establishment of physical maps. The first specific BAC library constructed from a single chromosome type in plants was developed for bread wheat chromosome 3B (Šafář et al., 2004) and successfully used to construct the first physical map of a wheat chromosome (Paux et al., 2008) . Since then, several others have been constructed, including physical maps for 1AS, 1AL, 1BS, 1BL, 5A, 5DS, 6A, and 6B (Breen et al., 2013; Lucas et al., 2013; Philippe et al., 2013; Raats et al., 2013; Poursarebani et al., 2014; Akpinar et al., 2015; Barabaschi et al., 2015; Kobayashi et al., 2015) .
Physical mapping relies on BAC fingerprinting and analysis to identify significant overlaps and subsequently construct BAC contigs. Several technologies have been developed for BAC fingerprinting including high information content fingerprinting technology (Luo et al., 2003; Meyers et al., 2004) , as well as the recently developed Whole-genome Profiling (van Oeveren et al., 2011) , a next-generation sequence-based physical mapping approach allowing direct links between a physical map and genomic sequences through sequence tags of individual BAC clones. Fingerprints or sequence tags are subsequently used for calculating overlaps among BAC clones and organizing overlapping clones into physical map contigs. Contig building can be performed with FingerPrinted Contigs (FPC) (Soderlund et al., 2000) and Linear Topological Contig software (LTC) (Frenkel et al., 2010) .
Anchoring to a high-density map is crucial for using a physical map. This enables one to determine contig orientation and order along the chromosome(s) of interest (Meksem et al., 2005) . Typically, genetic maps built from polymorphic markers, mainly single nucleotide polymorphisms (SNPs) are used for contig anchoring. Single nucleotide polymorphism markers are abundant and equally distributed throughout a genome. Unfortunately, genetic maps suffer from low resolution in centromeric and pericentriomeric regions as a consequence of reduced meiotic recombination. Such regions with poor genetic map resolution may comprise as much as 50% of the entire chromosome (Saintenac et al., 2009; Karafiátová et al., 2013; Aliyeva-Schnorr et al., 2015) . Alternative methods such as radiation hybrid mapping (Wardrop et al., 2002; Kalavacharla et al., 2006) or collinearity of conserved genes in related grass species (Mayer et al., 2009) can be used to circumvent this limitation (Feuillet et al., 2012) .
In this work, we used the BAC library from chromosome arm 3DS comprising 36,864 clones to establish the physical map with 869 contigs containing 18,927 clones by using high information content fingerprinting technology and FPC software. Bacterial artificial chromosome contigs were anchored by following an in silico strategy as described by Cviková et al. (2015) .
Results and Discussion

Construction of the Physical Map
The physical map of chromosome arm 3DS was constructed from the BAC library prepared in our previous study (Šafář et al., 2007) using SNaPshot fingerprinting (Luo et al., 2003) . This BAC library consists of 36,864 clones with an average insert size of 110 kbp and represents an 11-fold coverage of the chromosome arm 3DS (1C ~ 321 Mbp). Fingerprinting of all clones resulted in 27,880 High-information content fingerprints that were preprocessed (see Experimental procedures for details) and assembled via FPC software (Soderlund et al., 2000) . The initial assembly was done at a low cutoff (1 × 10 -75 ) and resulted in 2628 contigs being formed from 16,333 clones. This first construction of the physical map resulted in a fragmented assembly with a cumulative length exceeding the estimated size of the 3DS. However, stringent criteria for initial assembly provided reliable contigs, which could be further merged at successive steps at more relaxed cutoff, (see Experimental Procedures for details). After a stepwise automatic assembly phase (until a cutoff of 1 × 10 -45 ), the physical map consisted of 1360 contigs containing 19,002 clones in and 8878 singletons. At that stage, the assembly represented 97% of the expected chromosome arm size. This assembly was used to generate a minimum tiling path (MTP) for marker anchoring (see below). Physical map contigs were further manually merged until a cutoff of 1 × 10 -25 . Finally, contigs were merged on the basis of their anchoring with molecular markers at a cutoff of 1 × 10 -15 . The final physical map comprises 869 contigs built from 18,927 clones with a cumulative length of 274.5 Mbp and represents 85.5% of the expected chromosome arm size. The longest contig (2311 kbp) contains 232 BAC clones; 28 contigs are longer than 1Mbp (for the statistics of the assembling process, see Table 1 ). The physical map can be accessed through the GBrowse interface at https:// urgi.versailles.inra.fr/gb2/gbrowse/wheat_phys_3DS_v2 (accessed 5 May 2017). Similar approaches were used to build physical maps from other bread wheat chromosomes and chromosome arms (Paux et al., 2008; Breen et al., 2013; Lucas et al., 2013; Philippe et al., 2013; Raats et al., 2013; Poursarebani et al., 2014; Akpinar et al., 2015; Barabaschi et al., 2015; Kobayashi et al., 2015) . Luo et al. (2010) used the same BAC library to test the feasibility of constructing a physical map of polyploid genomes containing homeologous chromosomes. The map of chromosome arm 3DS, which was constructed in bulk with chromosome arm 3AS, and chromosome 3B comprised 1411 contigs. However, the map has not been further developed and anchored, and served exclusively to verify the feasibility of constructing physical maps from polyploid genomes. The anchored map reported here was developed under slightly modified criteria (for details, see Experimental Procedures) following the IWGSC's Guideline for Physical Map Assembly (Scalabrin et al. 2010 ).
The 3DS Survey Sequence is a Valuable Resource for Physical Map Ordering
The BAC pool sequences from the MTP (Cviková et al., 2015) were used for in silico anchoring of 3DS-specific survey sequences (International Wheat Genome Sequencing Consortium, 2014) as well as other available markers onto the physical map. Reads originating from the BAC pool were aligned to 314,944 contigs (145,374,274 bp in total) comprising the draft assembly of chromosome arm 3DS. The results of the read mapping were then used to link individual sequences with BAC clones in the MTP (see Experimental Procedures for details). The BAC contig assembly at a cutoff of 1 × 10 -25 was used for in silico mapping of 3DS survey sequences to individual BAC clones and the information about survey sequences shared among BAC clones was further used to improve the assembly until a cutoff of 1 × 10 -15 (see above and Experimental Procedures). Finally, we were able to assign 158,313 (50%) of the survey sequences (86.0 Mbp; 59.1% of the sequence length) to BAC clones in the physical map. A comparable approach has been reported recently by Poursarebani et al. (2014) . Using is defined on the basis of a set of contigs (sorted by size from the longest one) representing half of the assembly, where N 50 is the number of contigs in this subset and the length of N 50 contigs is the length of the shortest contig in the set (i.e. all contigs representing half of the assembly are of this size or longer). ‡ BAC, bacterial artificial chromosome.
50-bp whole-genome profiling tags, they were able to link 38% of the sequences to the physical map of wheat chromosome 6A. The higher anchoring rate observed in our study can be explained by the longer reads (100 bp versus 50 bp) and the more even distribution of random shotgun reads along BAC clone sequences compared with the whole-genome profiling tags linked to specific restriction enzyme sites. In the final assembly of 3DS physical map, 783 BAC contigs (90%) representing 262 Mbp (95.3% of the physical map length) contained at least one sequence tag (Supplemental Data S1). The length of sequences anchored to individual contigs ranged from 200 to 917,992 bp. Sequence integration within contigs facilitated the exploitation of other resources for their ordering along the chromosome arm.
As the next step, publicly available markers [SNPs, diversity array technology markers (DArTs) and genic sequences] were linked to BAC clones representing the MTP of chromosome arm 3DS. First, 762 SNPs mapped in 'Chinese Spring' × 'Renan' F6 recombinant inbred line population (Rimbert et al., unpublished data) were mined from physical-map-anchored 3DS survey sequence (International Wheat Genome Sequencing Consortium, 2014). This provided a direct relation between the SNP-based genetic map and the 3DS physical map. The 3DS genetic map consists of 762 SNP markers derived from 530 unique survey sequences. Out of these, 392 (74.0%) corresponding to 120 independent loci were associated with 511 BAC clones belonging to 201 contigs and covering 104.8 Mbp (38.2%) of the physical map. Next, we used the virtual gene order of the chromosome arm 3DS (International Wheat Genome Sequencing Consortium, 2014) obtained via the GenomeZipper approach (Mayer et al., 2009 ). The 3DS GenomeZipper includes 778 survey sequences linearly organized on the basis of their collinearity with related grass genomes. Among the sequences organized in GenomeZipper, 603 (77.5%) were assigned to 635 BAC clones in 257 physical map contigs. In total, 132.7 Mbp (48.3%) of the physical map could be organized along the chromosome using gene order as a reference. Finally, a genetic map of chromosome 3D comprising 1745 diversity array technology sequence-based (DArT-Seq) markers (Raman et al., 2014) was used to resolve contig order. Marker sequences were mined from physical-map-assigned survey sequences. Eventually, 155 DArT-Seq markers were assigned to 218 BACs belonging to 104 contigs (cumulative length 57.4 Mbp). Altogether, the three approaches led to the anchoring and ordering of 336 contigs covering 164.3 Mbp (i.e., 60% of the physical map; Fig. 1 ). Overall, only minor discrepancies in anchoring results were found for some contigs. Contig 115 was anchored to markers mapped to two distant positions in SNP map (Fig. 2a) . The same was found for 13 contigs and markers organized in GenomeZipper (Fig. 2b) . Such anchoring information indicates chimeric contigs. Unfortunately, none of them could be easily split to fit the marker positions. In such cases, contigs were placed on position supported by more markers. No other difference was found between the contig order in physical map and the marker order in the genetic SNP map (Fig. 2a) . This finding was expected, as the primary resource for contig ordering was the SNP map. Five and four contigs were anchored to the DArTseq and GenomeZipper markers, respectively, which do not fit their position within the physical map (Fig.  2a,b) . Altogether, such discrepancies occurred rarely and the anchoring results were consistent among the three marker types for most of the contigs.
In addition, bin-mapped expressed sequence tags (Munkvold et al., 2004) were used to assign physical map contigs to one of the three deletion bins of chromosome arm 3DS (Fig. 2b) . Fifty-three ESTs were mapped to BAC clones. Combination of anchored ESTs and the order of the physical map enabled the assignment of 323 contigs to one of the three deletion bins. Finally, 25.2 Mbp, 62.7 Mbp, and 67.5 Mbp of the physical map were anchored to the C-3DS3-0.24, 3DS3-0.24-0.55, and 3DS6-0.55-1.00 bins, respectively. Three contigs (Contig 18, Contig 170, and Contig 478) were assigned to bins that did not correspond to their position in the physical map. Contig 23 and Contig 136 were mapped to two different bins; for 11 contigs, the bin position could not be resolved, as they were located at the border of bins 3DS3-0.24-0.55 and 3DS6-0.55-1.00 with no EST available for their clear localization.
It is worth noting that for the vast majority of unanchored contigs, sequence information is available and the contigs without any sequence available represent only 4.7% of the physical map length. These sequences can be easily mined for additional markers. We analyzed anchored sequences to design primers for simple sequence repeats and insertion site-based polymorphism (ISBP) markers. We identified 3777 microsatellites with units of 1 to 6 bp and a length of at least 16 bp via SciRoKo (Kofler et al., 2007) . Flanking primers were designed for 1451 among them. Up to 22 simple sequence repeats were identified for 430 contigs (Supplementary Data S2). Junctions of transposable elements represent one of the most frequent features spread widely throughout the entire genome that are available for marker development. Polymorphisms of these markers are based either on the presence or absence of particular insertion of repetitive element or on SNPs in the close vicinity of the junction. We used isbpFinder to design primers flanking the junctions of mobile DNA elements. For 86 Mb of the anchored sequence, 12,888 primer pairs bordering high-confidence ISBPs were designed, which represent one ISBP per 6.7 kb of sequence. At least one ISBP was found for 558 contigs and, at maximum, reached 157 ISBPs for one of the longest contigs, Contig 319 (Supplementary Data S2). Identification of simple sequence repeats and ISBPs provided useful information for 230 contigs (64.8 Mb of the physical map) that were not anchored using SNPs, GenomeZipper, or DArTs.
Linear Topological Contig Verification of the FPC-Based Physical Map
Linear Topological Contig software is an alternative to FPC that has been designed to build contigs or check existing contigs on the basis of the contig topology (Frenkel et al., 2010) . Its algorithm is based on linear arrangement of DNA molecules, which should be preserved in the physical map. In this study, LTC has been used to check the topology of contigs built at a cutoff of 1 × 10 -15 . Contigs with a nonlinear structure (i.e., a width of 2 or more) as well as contigs with Q-clones and contigs with segments connected by a single BAC clone were investigated. Simultaneously, the positions of the markers in the contigs were evaluated. Seventy-two MTP clones defined by LTC as Q-clones were removed from the FPC assembly and 40 contigs were split on the basis of the topology provided by LTC and the presence of contradictory markers in the contigs (Fig. 3) . The number of contigs on the physical map after LTC evaluation was 869 and 3767 clones remained a part of the MTP after removal of Q-clones. In the final assembly, 328 contigs comprised two or three BAC clones, representing 15% of the physical map. However, as threequarters of them were shown to contain unique sequences, they were kept as a part of the physical map. 
Gene Space of Chromosome Arm 3DS
Out of the 1906 high-confidence gene models predicted on the IWGSC sequence assembly of chromosome arm 3DS (International Wheat Genome Sequencing Consortium, 2014) (Supplemental Data S3), 1393 (73.1%) were anchored to the physical map. This represented an 85.3% success rate of gene positioning, taking into account that the physical map represents 85.7% of the chromosome arm. A BLASTx search identified homologs for 1077 anchored genes in genome of at least one of the related species (B. distachyon, O. sativa, or S. bicolor). Among these, 788 genes (73%) have their closest homolog on syntenic chromosomes in related species: B. distachyon chromosome 2, O. sativa chromosome 1, and S. bicolor chromosome 3. The remaining 289 have homologs on nonsyntenic chromosomes in B. distachyon, O. sativa, and S. bicolor. The majority of nonsyntenic genes are localized in distal part of the chromosome arm. In the distal bin (3DS6-0.55-1.00), nonsyntenic genes represent 34% of the genes with homologs identified in related species; they only account for 13 and 7% in 3DS3-0.24-0.55 and the centromeric C-3DS3-0.24 bins, respectively. This pattern is consistent with the one observed in wheat chromosome 3B (Glover et al., 2015) . Nonsyntenic genes probably originated through gene movement caused by double-strand break repair mechanisms after the divergence from the respective grass genomes (Wicker et al., 2011) . We further estimated the number of nonsyntenic genes shared with other chromosomes of wheat group 3. About 58.1% of the nonsyntenic genes (168) were shared by all three bread wheat subgenomes. For these genes, duplication events or movements most probably occurred before the divergence of the three progenitor genomes from the common ancestor. The number seems rather low; however, it is necessary to note that some genes might be missing from the survey assembly of a particular chromosome and they are not necessarily absent. Additional 28.4% (82) of nonsyntenic genes are shared between the 3DS arm and one of the homeologous chromosomes (3A or 3B). Finally, 13.5% of the nonsyntenic genes (39) were found exclusively on chromosome arm 3DS. Their duplication or movement probably occurred in the last several million years since the A, B, and D genomes diverged from their common ancestor.
Homologs of 792 3DS genes (607 syntenic and 185 nonsyntenic) were identified on the pseudomolecule of chromosome 3B. The two chromosome arms show preserved collinearity overall. The major variability is found in the centromeric region (Fig. 4) . However, genetic maps used for contig anchoring do not have enough markers and resolution in centromeric regions. As a consequence, differences in contig order between the two arms could arise and any observed variability must not reflect chromosomal rearrangements.
For 316 gene models (23%) no hit was found in the analyzed species (B. distachon, O. sativa, and S. bicolor) under our criteria (identity ³ 70%; alignment length ³ 100 bp). The relatively high number of genes which do not share homology to the gene space of the related genomes (B. distachyon, rice, and sorghum) may indicate an increased rate of evolution or divergence for some genes in wheat or may arise from fragmentation of the assembly, which prevents identification of the respective homologs. The nonrecombining region of the chromosome arm 3DS (defined by a cluster of markers at a single position on a SNP genetic map) is larger than centromeric bin C-3DS3-0.24 (Fig. 2a) . It comprises 77 anchored contigs, which represent 39.4 Mbp. The region includes 221 genes (15.9% of anchored gene models), for which positional cloning could suffer from poor resolution of the genetic maps. Moreover, the size of the region is likely to be under-represented, as markers for anchoring are available for contigs representing 60% of the physical map length. Recently, Karafiátová et al. (2013) estimated that a poorly recombining region in barley (Hordeum vulgare L.) corresponded to 40% of barley chromosome 7H. Similarly, a recombination-poor region comprised more than half of barley chromosome 3H (Aliyeva-Schnorr et al., 2015) . Clearly, additional resources (beside genetic maps) are needed to organize contigs in centromeric regions. For chromosome arm 3DS, consensus DArT-Seq map based on several mapping populations split the region into several positions; the GenomeZipper approach provided information to determine the order of contigs.
Physical maps provide a resource for downstream genomic applications. Among these, positional gene cloning is of particular importance. The physical maps may provide a shortcut for cloning many agronomically important genes, such as resistance genes (Huang et al., 2003; Fu et al., 2009; Yoshida et al., 2009; Breen et al., 2010; Bulgarelli et al., 2010; Faris et al., 2010) or vernalization genes (Yan et al., 2003) and identification of quantitative trait loci (Feuillet et al., 2012) . The use of physical maps speeds up the laborious steps of chromosome walking, as molecular markers developed from contigs could be used to proceed more rapidly to the gene(s) of interest. Further, BAC clones or contigs serve as a template for sequencing once the region of a particular gene is sufficiently narrowed down. In the current work, we constructed an anchored physical map of wheat chromosome arm 3DS. Sixty percent of the map is positioned on the chromosome either via genetic maps or linear gene order. The contigs of the physical maps are rich in anchored sequences and ready for the development of additional markers. The map provides a valuable resource for positional cloning of genes located on bread wheat chromosome arm 3DS. Moreover, clone-by-clone sequencing of chromosome arm 3DS and whole-genome sequencing of the wheat genome are underway. Bacterial artificial chromosome clone sequences, sequence tags associated with individual clones, and physical maps are being used in the (Choulet et al., 2014) . Note higher density of nonsyntenic genes towards the telomere (upper left corner).
whole-genome assembly project for scaffold verification, improvement, and superscaffolding. Physical maps will continue being useful even after the reference genome sequence is released to make further improvements. This is because any sequence scaffolding introduces gaps into the sequence. Bacterial artificial chromosome contigs will provide access to uninterrupted stretches of DNA to retrieve high-quality continuous sequences of particular regions to close any gaps or to retrieve regions that are completely missing in the reference.
Experimental Procedures
Fingerprinting of BAC Clones and Data Preprocessing
A BAC library specific for bread wheat chromosome arm 3DS was constructed by Šafář et al. (2007) from DNA of the chromosome arm flow-sorted from double ditelosomic lines of hexaploid wheat T. aestivum cv. Chinese Spring (2n = 40 + 2t3DS + 2t3DL). DNA from individual BAC clones was isolated and fingerprinted according to Luo et al. (2003) . BamHI, EcoRI, XbaI, XhoI, and HaeIII restriction endonucleases (New England Biolabs, Ipswich, MA) were used for DNA digestion and ABI SNaPshot Multiplex Ready Reaction Mix (Applied Biosystems, Foster City, CA) was used for fragment labeling in a single-step digestion and labeling reaction. Peaks in the restriction profiles acquired by a ABI 3730XL capillary (Applied Biosystems) were called in the range between 50 to 500 bp via GeneMapper (Applied Biosystems) and the data were then preprocessed in FPB (Scalabrin et al., 2009 ) and GenoProfiler (You et al., 2007) to remove the background and contamination and convert the data to FPC-compatible format; specifically, the size of each fragment was multiplied by 30 to minimize errors caused by number rounding and an offset was given to avoid overlaps of values for fragments with the same size but produced with different enzyme (i.e. labeled with a different colour) (a detailed description of the data preprocessing process as well as contig assembly can be found in the Guideline for Physical Map Assembly (Scalabrin et al. 2010) .
Physical Contig Assembly
Bacterial artificial chromosome clones were subsequently assembled via FingerPrinted Contigs software to contigs on the basis of the presence of shared fragments in their fingerprints (Soderlund et al., 2000) . The parameters used for the initial assembly step were: cutoff score = 1 × 10 -75 ; tolerance = 12 (corresponding to the difference in fragment size = 0.4 bp); gel length = 54,000 (the number of possible values for the fragment size after data preprocessing); formula used = Pure Sulston; fingerprinting method = HIFC; band size = 1100; best contig = 100 (number of iterations run to find the best solution for each contig). The contigs were then merged or split at successive increasing (less stringent) cutoffs until 1 × 10 -45 (in steps of 1 × 10 -5
). First, singletons were added to the ends of existing contigs, then contigs were merged at their ends with the following settings: auto merge = ON; FromEnd = 50 (distance of the clone from the end of the contig to be counted as an end clone); Match = 1 (number of reciprocal matches required to perform a merge). The contigs were split at each cutoff, when the number of so-called Q-clones exceeds 10% of clones in the contig (Q-clones are defined as clones for which the algorithm cannot order at least 50% of the fragments in the consensus map). Contigs were then manually merged until a cutoff of 1 × 10 -25 if at least two clones on the particular end of each contig reciprocally matched (parameter Match = 2) at the tested cutoff. Next, markers anchored to the contigs were used for their merging at a cutoff of 1 × 10 -15 . Two contigs were merged if (i) at least two clones on the particular end of each contig reciprocally matched and (ii) at least one clone on the particular end of each contig reciprocally matched and the two contigs shared the same marker.
Minimal Tiling Path Selection
The MTP was defined at a cutoff of 1 × 10 -45 . The clones were selected using following parameters: minimum FPC overlap = 30; maximum FPC overlap = 250; FromEnd = 0; minimal shared bands = 12. The MTP based on these defined conditions was represented by 3823 BAC clones. Particular clones were reordered into 10 384-well palates and pooled in three dimensions (plate, column, and row) to isolate DNA for screening and physical map anchoring. Fifty BAC pools were constructed (10 plate pools, 16 row pools, and 24 column pools) as described by Cviková et al. (2015) . DNA from each pool of BAC clones was isolated via standard alkaline lysis.
Anchoring Sequences to a Physical Map
An approach developed by Cviková et al. (2015) was used to anchor sequences to the physical map. All 50 MTP BAC pools were sequenced on an Illumina HiSeq2000 (Illumina, San Diego, CA) as described in Cviková et al. (2015) . Paired-end reads 100 bp in length were produced and the number of reads for each pool was reduced to achieve a maximum of 30× coverage per each pool. Chromosome arm survey sequences (International Wheat Genome Sequencing Consortium, 2014) were anchored in silico to BAC contigs of the physical map as follows. Reads of each BAC pool were aligned to 314,944 survey sequences (145,374,274 bp in total) using the BurrowsWheeler Aligner (Li and Durbin, 2009 ). The number of uniquely mapped (matching a particular sequence only) and perfectly matching reads (no mismatch allowed) was determined for each survey sequence and each BAC pool. A pool was considered as positive for a particular survey sequence if the normalized count of reads aligned to the sequence (N = reads aligned to the sequence/ pool coverage) was higher than 20% of the N av , where N av is average of N for all pools with at least one read aligned to the particular survey sequence. The BAC address for each sequence was then deconvoluted on the basis of having positive pools for each survey sequence. Sequences with one positive plate, column and row pool were immediately addressed to a single BAC clone. For sequences with two or more positive plate, column, or row pools, candidate clones arising from all possible positive pool combinations were evaluated as follows. First, overlaps of clones in the physical map contigs were examined. The candidate clones overlapping in the same physical map contig (at a cutoff of 1 × 10 -25 ) were considered as positive for a particular survey sequence. Next, matches among the clones located at the ends of two contigs (at a cutoff of 1 × 10 -25 ) were evaluated. Two or more clones (among the candidates) were considered positive if they matched at a cutoff of 1 × 10 -15 in FPC.
Ordering of Physical Map Contigs along the Chromosome Arm
Contigs from the physical map were ordered on the basis of anchored survey sequences and their comparison to different layers of the genetic and molecular maps available for wheat chromosome arm 3DS. As a primary resource for contig organization, a genetic map based on SNPs mapped in a Chinese Spring × Renan F6 recombinant inbred line population (Rimbert et al., unpublished data) was used. The map spans 75 cM and comprises 762 markers mapped to 141 distinct positions. The SNPs were developed on the basis of their chromosome arm survey sequence (International Wheat Genome Sequencing Consortium, 2014) and could be directly linked to 530 survey sequences. A GenomeZipper of the 3DS chromosome arm (International Wheat Genome Sequencing Consortium, 2014) was used as the second resource for ordering the physical map. In total, 778 survey sequences from the 3DS linearly ordered along the chromosome arm in GenomeZipper were used to order the contigs of the physical map whenever the sequences were assigned to BAC clones in an in silico anchoring step. Further, 1745 DArT-Seq markers mapped to wheat chromosome 3D were used to organize the contigs of the physical map. Diversity array technology marker sequences (69 bp long) were aligned with BLAST against 3DS IWGSC survey sequences. The DArT-Seq markers were linked to survey sequences if the alignment length reached at least 65 bp with maximum one mismatch. Finally, sequences of 327 EST markers mapped to three deletion bins of the 3DS chromosome arm (30 sequences for the C-3DS3-0.24 bin; 135 sequences for the 3DS3-0.24-0.55 bin; and 162 sequences for the 3DS6-0.55-1.00 bin) (Munkvold et al., 2004) were retrieved from GenBank and compared with BLAST search results for the 3DS IWGSC survey sequences anchored to the physical map with a threshold of 200 bp for alignment length and 95% for identity.
Evaluation of Contigs using via the LTC Algorithm
Contigs at a cutoff of 1 × 10 -15 were verified with LTC software (Frenkel et al., 2010) . The structure of contigs was evaluated after creation of a network with the following parameters: total gel length = 60,000; tolerance value = 12; number of bands for calculation of the Sulston score = 2250; cutoff = 10 -15 . The contigs with a nonlinear topology (i.e., a width of 2 or more) and Q-clones were manually checked and split to reach the linear structure (inappropriate BAC clones were removed to singletons) unless the markers proved correct order of BAC clones in the particular contig.
Analysis of Genic Sequences
In total, 1906 high-confidence genes identified in the IWGSC survey sequence annotation (International Wheat Genome Sequencing Consortium, 2014; Institut National de la Recherche Agronomique, 2016) were anchored to the physical map of chromosome arm 3DS whenever a sequence containing a particular gene was unambiguously linked to BAC clone(s). Coding sequences were aligned with BLASTx (Altschul et al., 1997) against databases of proteins of B. distachyon (International Brachypodium Initiative, 2010) , O. sativa (International Rice Genome Sequencing Project, 2005; Sakai et al., 2013) , and S. bicolor (Paterson et al., 2009) . All gene models with significant BLASTx hit (e-value £ 1 × 10 -5 , identity ³ 70%, and alignment length ³ 100 bp) with the closest homolog localized on chromosome 2 of B. distachyon, chromosome 1 of O. sativa, chromosome 3 of S. bicolor or any combination of these were identified as syntenic genes. The gene models reaching the required BLASTx criteria with the closest homolog on other B. distachyon, O. sativa, or S. bicolor chromosomes were considered nonsyntenic. Furthermore, we identified genes shared with other chromosomes of wheat group 3. Coding sequences were aligned using BLASTn (Altschul et al., 1997 ) against gene models identified in the IWGSC survey sequences annotation (International Wheat Genome Sequencing Consortium, 2014) on chromosomes 3A and 3B. Gene models with best BLASTn hit (e-value £ 1 × 10 -10 , identity ³ 90%, and alignment length ³ 70% of a particular gene model) were considered to be homeologous to this particular 3DS gene model.
Supplemental Materials
Supplemental Data S1. Survey sequences (International Wheat Genome Sequencing Consortium, 2014) anchored to the physical map of chromosome arm 3DS. The positions of the survey sequences in contigs of the physical map and BAC clones are provided along with the links among survey sequences, SNPs mapped in the 'Chinese Spring' × 'Renan' F6 recombinant inbred line population, virtual gene order (GenomeZipper), and the consensus DArT-Seq genetic map.
Supplemental Data S2. The list of simple sequence repeats and insertion site-based polymorphisms (ISBPs) identified in chromosome survey sequences anchored to the physical map.
Supplemental Data S3. The list of high-confidence 3DS gene models (International Wheat Genome Sequencing Consortium, 2014) anchored to the physical map of chromosome arm 3DS. The positions of 3DS gene models in contigs of the physical map and BAC clones are provided, together with links among the 3A , 3B, and 3DS gene models and B. distachyon, rice, and sorghum genes.
